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Surveillance of central line-associated bloodstream infections requires the counting of central line-days (CLD). When this task is not automated, the labor involved in an exhaustive daily counting of central lines may be reduced by counting central lines on only a subset of days during the surveillance period.
In this report, various strategies for the selection of days in which to count central lines in intensive care units (ICU) in Belgian hospitals are considered using data collected according to the European protocol for patient-based surveillance of ICU-acquired infections between 2004 and 2012. One feature of patient-based surveillance is that infections are counted for groups of patients in an ICU, rather than all patients in an ICU during a specific time period. Thus, we focus on evaluating sampling strategies for patients grouped by their admission dates to an ICU; in particular, we group by ICU admission date in three month periods (i.e. trimesters of admittance). Follow-up for these groups was limited to one month after the trimester of admittance.
O b j e c t i v e s
The objectives of this study are: 1) To compare the accuracy of different sampling strategies (counting central lines once a week, bi-monthly or once a month on specific days) in the direct estimation of the central line days per trimester of admittance and the month following in intensive care units, 2) To identify the best of these sampling strategies for the direct estimation of the central line days per trimester in intensive care units, 3) To examine whether varying surveillance days over the trimester rather than fixed may perform better in the above sampling strategies. 4) To identify factors (such as ICU characteristics combined with frequency and day of the sampling) associated with a better performance of specific sampling strategies.
M e t h o d o l o g y D a t a s o u r c e a n d e x c l u s i o n c r i t e r i a
We used data collected within the framework of patient-based surveillance of ICU-acquired infections between 2004 and 2012. The surveillance system has been described elsewhere and case definitions and methodology followed those of the European Centre for Disease Prevention and Control (ECDC). Collection of data by the surveillance system was done over a period of at least 3 months, and involved daily recording of exposure to invasive devices, including central lines for all patients admitted in the unit for at least 2 days (i.e. patients at risk for ICU-acquired infections). Admitted patients who were not discharged by the end of the trimester were followed for one more month. Only one CLD is counted per patient and per day, irrespective of the actual number of central lines. We obtained data on admission and daily exposure to central lines of eligible patients admitted during one of 378 ICUtrimesters (i.e. data reported from single participating ICUs for a period of three months with an additional month of follow-up of the patients which were not discharged at the end of this period). From those, we excluded 14 ICUtrimesters with less than 20 eligible admissions per trimester.
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Validation of a sampling method to collect exposure data for central line-associated bloodstream infections | 24-11-2015 In addition to the presence/absence of a central line for each patient, we computed the following characteristics per trimester of admittance and per ICU:
• Number of patients admitted during the three month period ("Pt. Admit")
• Number of patient days from patients admitted during the trimester, that occurred in the trimester of admittance or the calendar month following ("Pt. Days") • Total number of central line days from patients admitted during the trimester, that occurred in the trimester itself or the calendar month following ("tCLD").
• Length of stays as approximated by the ratio of number of patient days (in the trimester and month following, for patients admitted in the trimester) and number of patients admitted (in the trimester)("LOS") • Device utilization ratio: the ratio of number of central line days and number of patients-days ("DUR")
• Quarter of the year (Jan-Mar = Q1, April-June=Q2, July-Sept=Q3, Oct-Dec=Q4, which correspond to the observed trimesters.)
Our aim is to estimate the total number of CLD for a group of patients that occurred in the trimester in which the patients were admitted or the calendar month following. This quantity was computed per ICU and per trimester of admittance and will be denoted "tCLD" for the remainder of this report. This quantity should not be confused with CLD, which is a single day in which an patient had a central line.
G e n e r a l a p p r o a c h t o e s t i m a t i n g t C L D
Our approach to estimating tCLD consisted of three components: a sampling period, a sampling scheme, and an extrapolation rule.
A sampling period is the period of time from which samples of central line-days are to be drawn in order to estimate tCLD. Note that this period is not necessarily the same as the one over which infections are to be counted: we considered using either the trimester of admittance or the trimester of admittance and the month following as sampling periods.
A sampling scheme is a rule for choosing a subset of days from the sampling period on which to count CLD for patients in the ICU. For example, choosing to count CLD every Monday is a sampling scheme. We considered schemes based on a fixed design (e.g. every Monday) and random designs (e.g. randomly select one day a week); all choices examined are listed in Table 1 . We observed the following rule for random weekly designs, with the sampling starting with the first seven-day period of the sampling period: when a random sampling scheme produced a day of the week for a given week that does not occur within the sampling period, no sample was taken. For example, if Thur-Sun are the last four days of the sampling period, and the randomly selected day is Monday, then no sample is taken on that Monday.
Finally, an extrapolation rule is a formula used to estimate tCLD from the days selected by a sampling scheme for a sampling period. We estimated tCLD by dividing the number of central line-days in the sample by the number of sampling days per sampling period and multiplying it by the total number of days per sampling period:
where ! is the number of central lines observed on day , for = 1, … , . For example, if 13 Mondays in a given ICU-trimester were present, then tCLD is estimated for the surveillance period of the trimester and month following as:
×120. P e r f o r m a n c e o f e s t i m a t i o n m e t h o d s
The quality of the estimates was assessed through the calculation of percentage error (% error) per ICU-trimester, i.e. the relative percentage difference between the observed total number of central line-days, tCLD, and an estimate:
S t a t i s t i c a l M e t h o d s
Samples for each ICU-trimester of the original dataset were drawn according to the proposed methods of estimating tCLD; after estimates from these samples were calculated, the % errors per method and ICU-trimester were computed. While a fixed sampling design resulted in a single unique estimate per ICU-trimester, estimates from random sampling designs varied. For this reason, 100 samples (and therefore 100 estimates) were obtained for each of the ICU-trimesters and random designs.
Stat-Gent CRESCENDO
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Validation of a sampling method to collect exposure data for central line-associated bloodstream infections | 24-11-2015 Both descriptive and inferential statistics were used to compare the estimation methods and to determine a set of rules based on a single ICU-trimester characteristic to guide the choice of an estimation method.
D e s c r i p t i v e S t a t i s t i c s
Summary statistics were computed for six ICU characteristics; these characteristics were also summarized via frequency tables or bar plots for the categorical variable (Quarter) and histograms for the numerical variables (tCLD, LOS, DUR, Pt. Admit, and Pt. Days). Scatterplots and bar plots were used to visualize bivariate relationships.
Percentage errors for the various sampling schemes were summarized by means and quartiles, as well as, by the proportions of percentages errors that were within 5 and within 10 units of 0.
I n f e r e n t i a l S t a t i s t i c s
C o m p a r i s o n o f E s t i m a t i o n M e t h o d s
We compared the various sampling schemes via linear mixed effect models of the outcome percent error; random intercepts per ICU-trimester and hospital were used to capture the group structure of the dataset. Residuals were examined for evidence of heteroscedasticity and the model adjusted accordingly by modeling the variance function of the error structure. The "best" error structure was determined based on AIC and visual inspections of the residual plots. All models were fit using the "lme" function of the R package "nlme". Models were fit in order to make the following comparisons:
1. a) percent error, for sampling period trimester vs. over sampling period trimester + 1 month, for sampling on a fixed day of the week 
R u l e s f o r c h o o s i n g a s a m p l i n g s t r a t e g y
We established a simple set of rules for choosing a sampling strategy by first identifying the "best" predictor of % error out of the six ICU-trimester characteristics (i.e. the one with the smallest Akaike Information Criterion, AIC). For the single "best" predictor, we estimated the cutoffs beyond which the model predicted, with at least 90% confidence, that an ICUtrimester would have an absolute value of % error of less than 5 or 10% (C 5 and C 10 ). As noted before, 100 observations of % error were used per each random sampling strategy and per ICU-trimester. The number 100 was determined to be large enough because we noted the resulting cutoffs had stabilized for the once a week random sampling scheme.
Validation of a sampling method to collect exposure data for central line-associated bloodstream infections | 24-11-2015 This set of rules was validated via parametric bootstrap and simulation. For both approaches, ICU characteristics were used to generate new outcomes at the ICU-trimester level from linear mixed models of CLD % error with the "best" set of the six ICU-trimester characteristics as determined by AIC. In the parametric bootstrap, the observed characteristics of the 364 ICU-trimesters were used. In order to isolate the effect of CLD, outcomes were also simulated with LOS fixed at the observed median of 7.57, DUR fixed at the observed median of 0.73 and total number of CLD ranging from 20 to 1,800, in increments of 1.
For both sets of covariates, empirical distributions of three evaluation statistics were computed from 10,000 sets of new observations and used to estimate the mean, 2.5 th and 97.5 th percentiles. The evaluation statistics used were the proportion of new observations with absolute percent errors less than 5% (10%) and the mean absolute percent error for a set of new observations. The rationale for using both sets of covariates came from the fact that we would like to know how the observed data support the use of the cutoffs and secondly to gain insight into the cutoffs behavior in situations where the observed data is limited. In our case, there were a limited number of ICU-trimesters with a large numbers of CLDs and so we simulated data from with CLDs ranging from 20 to 1800 in increments of 1.
Unless otherwise noted, a significance level of 5% was used. Data exploration and analysis were carried out in R, version 3.0.1.
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R e s u l t s D e s c r i p t i v e S t a t i s t i c s
The dataset included information from 56 ICUs, which are located within 39 hospitals. Data was collected for 33 trimesters of the 36 trimesters from 1 January 2004, to 31 December 2012; the 3 trimesters with no observations were the last 3 trimesters of 2005. ICUs could choose to participate or not in each trimester; in total, 364 ICU-trimesters were observed.
Of the original 255,283 patient-days, 5,687 were found to have been erroneously labeled trimesters of admittance. Since the appropriate trimesters of admittance were not included in the database, these patient-days were removed. In addition, 1,229 patient days (727 with a central line) were found to have occurred more than one month after the associated trimester of admittance. These patients days were also excluded. The final dataset contains information from 248,367patient days, 33,007 patient admissions and 177,224 central line days. Table 2 provides descriptive statistics of the six characteristics of the set of 364 ICU-trimesters. As described on page 3, the number of patients admitted were counted during a period of three months while the other characteristics were computed over a four month period: the three months of patient admissions and a month of follow-up. Summary Points:
• The top row can be interpreted as follows: the observed ICU-trimesters had between 12 and 289 patients admitted; the middle 50% admitted between 52 and 112.2 patients; on average, the number of patients admitted in a trimester was 90.68.
• The models in the rest of the report are not valid beyond the range of the observed data, e.g. our results will not apply to ICU-trimesters whose LOS is less than 4.05 or DUR > 0.97.
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Validation of a sampling method to collect exposure data for central line-associated bloodstream infections | 24-11-2015 Table 3 and 4 provide summaries of the percent error between sampling schemes. In Table 3 , the sampling period "trimester+1" means that sampling was performed for the four month period, in order to estimate the tCLDs from that same four month period; "trimester" means that sampling was performed only in the trimester, but used to estimate the tCLDs from the four month period. Note that in Table 3 , the percent errors from the schemes of sampling for either the first or last week of every month in the sampling period do not perform as well as the weekly sampling schemes. For the four month sampling period, the weekly sampling schemes will require sampling on fewer days than either monthly plan to achieve better results. For this reason, we do not consider any further sampling on the first or last weeks of the months. 
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Validation of a sampling method to collect exposure data for central line-associated bloodstream infections | 24-11-2015 Comparison 1a: percent error, for sampling period trimester vs. sampling period trimester + 1 month, for sampling on a fixed day of the week.
Model: Linear mixed effect model with random intercept per hospital and ICU in hospital, outcome is difference in percent error (sampling period 3 months -4 months) with a variance function of a power function of the observed CLDs. The top row can be interpreted as follows: The mean difference in percentage error between a weekly sample on Mondays of the trimester +1 month and the trimester is 7.87 and 12.39 with 95% confidence. Since this interval does not include 0 (which would indicate that 0 is a reasonable guess for the difference), there is evidence that the mean percentage errors between the two sampling periods are different. The best single estimate for this difference is 10.13, that is, that sampling over the trimester leds to an increase of an average of 10.13 in percentage error, compared to sampling on the trimester and the month following.
Conclusion: There is strong evidence that the difference in mean percent error between sampling periods is different between at least two days of the week (p-value < 0.001), but these differences were estimated to be larger than 0 for each day.
Result: We drop sampling in the trimester only and move forward to compare sampling by a fixed day of the week with random sampling, for the entire observation period.
Stat-Gent CRESCENDO
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Comparison 1b: percent error, for sampling once, between days of the week, for the sampling period of trimester + 1 month
Model: Linear mixed model with outcome percent error with random intercept per hospital and ICU in hospital and variance function as the power function of observed CLD.
Conclusion: There is evidence of a difference between mean percent error of the sampling schemes (p-value < 0.0001). Estimated mean percent error for Tuesday and differences from Tuesday for each of the remaining six days of the week are shown below. Note that each day is estimated to have a mean percent error that is significantly different from Tuesday's. This model is useful for exploring how well the estimates from the fixed day of the week schemes predict the tCLDs. If the slope were 1 and the intercept were 0, then there would be a perfect match between the actual and estimated CLDs.
Conclusion: Note that only Tuesday and Monday have slopes that are not significantly different from 1; further, there is no evidence that the intercept for Tuesday is not 0. Thus, this model suggests that no adjustment is necessary to obtain an good estimate of tCLD from Tuesdays. 
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Validation of a sampling method to collect exposure data for central line-associated bloodstream infections | 24-11-2015 Comparison 3a: percent error, for sampling on a fixed day of the week vs. a random day of the week, for the sampling period of trimester + 1 month
Model: Linear mixed model with outcome percent error with random intercept per hospital and ICU in hospital and different variances per sampling scheme.
Conclusion: There is evidence that the mean % error from sampling from a random day of the week is different from 0 (pvalue = 0.001). The remaining p-values from the table may be interpreted as follows: there is strong evidence that the mean % errors from Monday, Tuesday, Wednesday, Thursday, Friday, Saturday and Sunday are different from that of random weekly sampling. Note: the estimates from sampling once per week are more correlated with those of Monday, than the correlation that may exist between Monday and Tuesday estimates, etc. This follows from the fact that the random sampling scheme will sometimes capture CLDs from Mondays. Thus, we expect the calculated p-values (which were computed with the assumption of equal correlation between estimates) to be conservative.
Validation of a sampling method to collect exposure data for central line-associated bloodstream infections | 24-11-2015
Comparison 3b: percent error, increasing the frequency of random sampling per week, for the sampling period of trimester + 1 month
Model: Linear mixed model with outcome percent error with random intercept per hospital and ICU in hospital; the variance function is estimated to be a power of tCLD and a power of sampling frequency.
Conclusion: There is strong evidence of a difference in variability of percent error between sampling frequencies of 1,2,3,4,5 and 6 times per week (p-value < 0.0001) and evidence of a difference in mean percent errors (p-value = 0.0022). The estimated differences in mean percent error are shown in the table below: there is evidence that sampling once a week randomly leads to a mean percent error that is significantly different from 0 (p-value = 0.006). Note: the estimates from sampling once per week are correlated with those of sampling twice per week, and estimates from sampling twice a week are even more correlated with those of sampling trice per week, etc. Thus, we expect the calculated p-values (which were computed with the assumption of equal correlation between estimates) to be conservative.
Comparison 3c: percent error, random sampling for the whole week vs. weekdays only, for frequencies of once, twice or three times per week, for the sampling period of trimester + 1 month
Model: Linear mixed model with outcome percent error, fixed effects of sampling scheme (categorical: weekday only or entire week) and frequency (continuous: 1, 2, 3), with random intercepts per hospital and ICU in hospital and different variances per frequency and a power function of tCLDs.
We first fit a model with an interaction between frequency and week, but this was not significant (p-value= 0.320) and so was removed.
Conclusion: The model suggests that for a given frequency, the mean % error for the entire week is significantly better than sampling from the week days only. There is a significant difference in variability between once, twice and trice weekly sampling schemes (p-value < 0.0001) after adjustment for heteroscedasticity in the errors due to observed CLD; sampling twice per week was estimated to have 0.641 times the standard deviation of sampling once per week while sampling trice per week was estimated to have 0.462 times the standard deviation of sampling once per week. The model formula is estimated as = −1.639 + 0.05 −0.242 + 0.05
where f = 1, 2 or 3, is the frequency of samples taken per week. There is strong evidence that the slope of f is different from 0 (p-value < 0.001), suggesting that changing from sampling once a week to twice a week or from twice a week to trice a week does lead to a significantly reduced mean percent error; this decrease in mean percent error for a one day increase in sampling days per week is estimated to 0.05
Since sampling from weekdays only is significantly worse than sampling from the entire week, we drop sampling weekdays only and proceed with the evaluation of sampling from the entire week.
Validation of a sampling method to collect exposure data for central line-associated bloodstream infections | 24-11-2015 S e t o f R u l e s f o r S a m p l i n g
The "best" (i.e. smallest AIC) predictor of percent error in a linear mixed model of percent error was found to be tCLD for each sampling strategy. The minimum tCLD, C 5 , required to obtain a percent error within 5% of 0 with 90% confidence for each sampling scheme is shown in the table below. Note that ">1800" indicates that the cutoff must be somewhere above 1800, but since we observed no ICUs with a larger number of CLD, we are unable to estimate the cutoff. Note that the random weekly schemes (labeled "1x/week" etc.) allowed all days of the week to be in the sample, that is, both weekdays and weekends. Validation of a sampling method to collect exposure data for central line-associated bloodstream infections | 24-11-2015
Sampling
M o d e l E v a l u a t i o n v i a S i m u l a t i o n s
Evaluation of rules based on the observed ICU characteristics. The evaluation statistics (percent within 5%, percent within 10% and mean distance from 0) along with their 2.5 th and 97.5 percentiles, were estimated from 10,000 simulated percent errors from the observed dataset of 364 ICU-trimesters. Note that the random weekly schemes (labeled "1x/week" etc.) allowed all days of the week to be in the sample, that is, both weekdays and weekends.
Sample Interpretation (top row). We estimate that if all ICU-trimesters with LOS = , DUR = and tCLD between 20 and 1800 sampled once a month on the 15 th , then 22.8% (95%CI is 18.7, 26.9) will obtain a percentage error of less than 5%; 42.7 (95% CI 37.9, 47.5) will obtain a percent error of less than 10%. For this set of ICU-trimesters, the mean percentage error under once a month sampling was 17.7 (95% CI 16.1 to 19.5). We do not recommend that any ICU uses this once a month scheme.
Sample Interpretation (fourth row). Overall: we estimate that 79.3% (73.9, 84.1) of ICU-trimesters with LOS =, DUR= and CLD between 20 and 1800 will have a percentage error of less than 10% when sampling once a week on Mondays. Following/Violating C10. Out of the ICUs who follow our guideline of sampling on Mondays only when the tCLD are more than, we estimate that 96.6% will have percentage errors of less than 10%; only 76.9 % of ICUs with tCLD of less than are expected to have percentage errors of less than 10%. Of the ICUs following our guidelines, the average percentage error is between 2.6 and 5.9 with 95% confidence; of the ICUs who do met our recommended number of CLD, an average percentage error of between 6.2 and 7.8 is expected, with 95% confidence. Following/Violating C5: We do not recommend an ICU follow the Monday sampling scheme if a percentage error of less than 5 is desired. Evaluation of rules based on a fixed set of covariates. The evaluation statistics (percent within 5%, percent within 10% and mean distance from 0) along with their 2.5 th and 97.5 percentiles, were estimated from 10,000 simulated percent errors from a fixed dataset with LOS=7.57, DUR=0.73 and tCLD ranging from 20 to 1800. Note that the random weekly schemes (labeled "1x/week" etc.) allowed all days of the week to be in the sample, that is, both weekdays and weekends. 6.6 (6.5 ,6.6) NA 5.1 (4.9 ,5.3) 3.8 (3.6 ,3.9)
Dataset
2x/ week
Summary Points:
Our recommendations for using our sampling scheme and extrapolation rule for estimating the total number of CLD in a ICU-trimester to below 10% error were tested through a parametric bootstrap and simulation. In the parametric bootstrap, following our rules for the random sampling schemes resulting in estimated high proportion of the population with the exception of the Thursday sampling scheme.
Limitations
We have compared the performance of several ways to sample CLDs using a specific extrapolation rule to estimate the total number of CLDs. There are other ways of forming an estimate besides this extrapolation rule and other ways to sample that might lead to more efficient ways to sample. We limited our search to the best of these options because we considered them the most practical to implement.
The performance was determined by percentage error; using another measure such as absolute difference would lead to different recommendation.
The cutoffs were based on prediction intervals from a model and so of course the result depends on the model be close to correct.
We expect that our results will hold for a similar set of ICU-trimesters (see table 1 ). Our dataset consisted of CLDs gather by date of admission and followed under discharge. In practice, central lines may be counted for everyone in an ICU during the trimester under consideration, regardless of the date of admission. We expect that our results will be conservative for ICUs in this situation, that is, by following our models, smaller than predicted percentage errors will result. This is because it is easier to estimate a relatively constant number of CLD over a trimester, rather than one that starts at 0, then rises and falls as patients enter the ICU and cease to be replaced. When our rules are applied to an ICU with a slightly different inflow of patients, the percentage errors may be either higher or lower than expected: if the rise
